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METHOD FOR THE EVOLUTIONARY 
DESIGN OF BIOCHEMICAL REACTION 

NETWORKS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation application of 
US. application Ser. No. 11/525,380 ?led Sep. 22, 2006, noW 
pending; Which is a divisional application of US. application 
Ser. No. 09/940,686 ?led Aug. 27, 2001, noW issued as US. 
Pat. No. 7,127,379; Which claims the bene?t under 35 USC § 
119(e) to US. Application Ser. No. 60/265,554 ?led Jan. 31, 
2001, noW abandoned. The disclosure of each of the prior 
applications is considered part of and is incorporated by ref 
erence in the disclosure of this application. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 
[0003] The invention relates generally to biochemical reac 
tion netWorks and more speci?cally to reconstruction of 
metabolic netWorks in an organism to obtain optimal desired 
Whole cell properties. 
[0004] 2. Background Information 
[0005] Genome sequencing and annotation technologies 
are giving us detailed lists of the molecular components that 
cells are comprised of, and high-throughput technologies are 
yielding information about hoW these components are used. 
Thus We are approaching the stage Where biological design is 
possible on a genome scale. It has proven dif?cult to ‘splice’ 
one gene from one organism into another and produce pre 
dictable results. The primary reason is that every component 
in a living cell has been honed through a lengthy evolutionary 
process to ‘?t’ optimally into the overall function of the cell. 
Simply introducing a foreign gene, or deleting an existing 
gene does not lead to predictable nor optimal results. Methods 
are needed to a priori predict the consequences of single or 
multiple gene deletions or additions on the function of an 
entire cellular function and force the remaining components 
to function in a predetermined manner. Such methods are 
lacking, although limited progress has been made With meta 
bolic function on a cellular scale. 

[0006] The interest in the redirection of metabolic ?uxes 
for medical and industrial purposes has existed for some time. 
As a result of this interest, the ?eld of metabolic engineering 
has been born, and the primary goal of metabolic engineering 
is to implement desirable metabolic behavior in living cells. 
Advances and applications of several scienti?c disciplines 
including computer technology, genetics, and systems sci 
ence lie at the heart of metabolic engineering. 
[0007] The traditional engineering approach to analysis 
and design utiliZes a mathematical or computer model. For 
metabolism this Would require a computer model that is based 
on fundamental physicochemical laWs and principles. The 
metabolic engineer then hopes that such models can be used 
to systematically ‘design’ a neW and improved living cell. The 
methods of recombinant DNA technology should then be 
applied to achieve the desired cellular designs. 
[0008] The 25-30 year history of metabolic analysis has 
demonstrated the need to quantitate systemic aspects of cel 
lularmetabolism, (see e.g., Fell D., Understanding the control 
of metabolism, (London, Portland Press) (1996); Heinrich R., 
et al., Metabolic regulation and mathematical models, 
Progress in Biophysics and Molecular Biology, 32: 1-82, 
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(1977); Heinrich R. and Schuster S., The regulation of cellu 
lar systems, (NeWYork, Chapman & Hall), xix, p. 372 (1996); 
Savageau M. A., Biochemical systems analysis. I. Some 
mathematical properties of the rate laW for the ecomponent 
enZymatic reactions, J. Theor. Biol. 25(3):365-69 (1969)). 
There are signi?cant incentives to study metabolic dynamics. 
A quantitative description of metabolism and the ability to 
produce metabolic change is not only important to achieve 
speci?c therapeutic goals but has general importance to our 
understanding of cell biology. Important applications include 
strain design for the production of therapeutics and other 
biochemicals, assessment of the metabolic consequences of 
genetic defects, the synthesis of systematic methods to com 
bat infectious disease, and so forth. Quantitative and systemic 
analysis of metabolism is thus of fundamental importance. 
HoWever, a revieW in the ?eld has concluded that “despite the 
recent surge of interest in metabolic engineering, a great 
disparity still exists betWeen the poWer of available molecular 
biological techniques and the ability to rationally analyZe 
biochemical netWorks” (Stephanopoulos G., Metabolic engi 
neering. Current Opinions in Biotechnology, 5:196-200 
(1994)). Although this statement is a feW years old, it still 
basically holds true. This conclusion is not surprising for We 
are competing With millions of years of natural evolution that 
achieves the best ?tness of an organism in a given environ 
ment. 

[0009] Although partial gene regulatory netWorks contain 
ing a small number of reactions have been designed (revieWed 
in Hasty et al., Computational studies of gene regulatory 
networks: In numero molecular biology, Nature, 2: 268-79 
(2001)), the a priori design of biochemical regulatory net 
Works, such as metabolic netWorks With de?ned performance 
characteristics and their subsequent construction has not been 
reduced to practice. The primary reason is that reliable 
detailed kinetic models cannot be constructed for an entire 
metabolic netWork, mainly because there are too many 
kinetic parameters Whose numerical values must be deter 
mined and the detailed kinetic equations are by-and-large 
unknoWn. Thus, a priori design of optimal biochemical reac 
tion netWorks, such as metabolism, is not possible because 
predictive kinetic models cannot be achieved. In fact, the 
values of the kinetic constants change With time due to muta 
tions and an evolutionary process. 
[0010] Heretofore it has been impossible to predict the end 
point of evolutionary processes as they are expected to be the 
outcome of the selection from random events. This invention 
discloses a method that alloWs for the a priori calculation of 
the endpoint of the evolution of metabolic netWorks in a 
de?ned environment. Although there are other mathematical 
modeling methods that are based on optimiZation principles 
in biological systems; i.e. the cybernetic modeling approach 
(Varner J. and Ramkrishna D., “Mathematical models of 
metabolic pathWays,” Curr. Opin. Biotechnol, 10(2): 146-50, 
(1999), they are not amenable to the design of biological 
netWorks due to the number of parameters required. It thus 
gives the basis for the use of an evolutionary process to create 
or build such designs. 

SUMMARY OF THE INVENTION 

[001 1] The present invention relates to a method for achiev 
ing an optimal function of a biochemical reaction netWork in 
a living cell. The biochemical reaction netWork can be a 
comprehensive biochemical reaction netWork, a substantially 
Whole biochemical reaction netWork, or a Whole biochemical 
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reaction network. The method can be performed in silico 
using a reconstruction of a biochemical reaction network of a 
cell. The method can further include laboratory culturing 
steps to con?rm and possibly expand the determinations 
made using the in silico steps, and to produce a cultured cell, 
or population of cells, with optimal functions. 
[0012] The method can be performed by representing a 
listing of biochemical reactions in a network in a computer, 
such as by providing a database of biochemical reactions in a 
network; using optimiZation methods to calculate the optimal 
properties of the network; altering the list of reactions in the 
network and re-computing the optimal properties; and repeat 
ing the process described above until the desired performance 
is reached. The method may further include constructing the 
genetic makeup of a cell to contain the biochemical reactions 
which result from the optimiZation procedure; placing the 
cells constructed thereunder in culture under the speci?ed 
environment; and cultivating the cells for a su?icient period 
of time under conditions to allow the cells to evolve to the 
determined desired performance. 
[0013] The biochemical reaction network can be a meta 
bolic network, for example a regulatory network. In addition, 
the cell whose genetic makeup is constructed can be a 
prokaryotic cell or a eukaryotic cell; such as E. coli, S. cer 
evisiae, chinese hamster ovary cells, and the like. Further 
more, the genetic makeup of a cell can be constructed by 
altering one or more genes in the cell, for example by addition 
or deletion, or by altering the regulation of a gene through its 
regulatory components (e.g., promoter, transcription factor 
binding sites, etc.). In another aspect, the invention provides 
an enriched population of cells produced by the method 
described above. 
[0014] In another aspect, the present invention provides a 
method for achieving optimal functions of a comprehensive 
biochemical reaction network in a cell by providing a data 
base including biochemical reactions in the network; using 
optimiZation methods to calculate the optimal properties of 
the network; receiving a user’s selection for altering the reac 
tions in the network and recomputing the optimal properties; 
repeating optimiZation until the desired property criterion is 
met; displaying the results of the optimiZation for construct 
ing the genetic makeup of a cell so that it contains the bio 
chemical reactions as a result of the optimiZation informa 
tion; culturing the cells constructed under the speci?ed 
environment conditions; and cultivating the cells for a sul? 
cient period of time so that the cells evolve to the desired 
performance. 
[0015] The optimiZation method may be carried out using a 
computer system provided by the present invention. The com 
puter system typically includes a database that provides infor 
mation regarding one or more biochemical reaction networks 
of at least one organism; a user interface capable of receiving 
a selection of one or more biochemical reaction networks for 

optimiZation and/or comparison, and capable of receiving a 
selection of a desired performance; and a function for carry 
ing out the optimiZation method calculations and recalcula 
tions. The computer system of the present invention can 
include a function for performing biochemical reaction net 
work reconstruction. The database can be an internal database 
or an external database. 

[0016] In another aspect the present invention provides a 
computer program product that includes a computer-usable 
medium having computer-readable program code embodied 
thereon. The program code is capable of interacting with the 
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database and effects the following steps within the computing 
system: providing an interface for receiving a selection of a 
desired performance of the networks; determining the desired 
optimal properties, displaying the results of the determina 
tion, and altering the biochemical reaction network, before 
recalculating optimal properties of the biochemical reaction 
network, and repeating the process until a desired optimal 
function is achieved. Altering the biochemical reaction net 
work can be performed based on an alteration manually input 
by a user, or can be performed automatically by the program 
code. The computer program can further provide an identi? 
cation of database entries that are part of a reconstructed 
biochemical network, or can perform biochemical reaction 
network reconstruction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1: The acetate uptake rate (AUR in units of 
mmole/g-DW/hr, g-DW is gram dry weight) versus oxygen 
uptake rate (OUR, in units of mmole/g-DW/hr) phenotype 
phase plane. The in silico de?ned line of optimality (LO) is 
indicated in the ?gure. The slope of this line is also indicated 
in the ?gure. The experimental data points are displayed on 
the ?gure. The error bars represent a single standard devia 
tion, and the error bars are displayed for both the acetate and 
the oxygen uptake rate measurements. A linear regression 
was performed on the data points to de?ne the experimentally 
rezconstructed line of optimality. The correlation coef?cient 
R value for the curve ?t is 0.92. Regions 1 & 2 represent 
distinct non-optimal metabolic phenotypes 
[0018] FIG. 2: The three-dimensional rendering of the 
phase surface for growth of E. coli on acetate. The x andy axis 
represent the same variables as in FIG. 1. The third dimension 
(the Z-dimension) represents the cellular growth rate. The 
Z-axis values are in gray scale with the optimal growth rate 
value quantitatively indicated on the corresponding legend. 
The line of optimality (LO) in three-dimensions is indicated. 
The parametric equation of LO in three-dimensions is indi 
cated in the text. The black lines de?ne the surface of the 
metabolic capabilities in the three-dimensional projection of 
the ?ux cone and represent constant values of the acetate 
uptake rate or oxygen uptake rate. The quantitative effect on 
cellular growth potential of increasing the acetate uptake rate 
(without proportional increase in the oxygen uptake rate) can 
be visualiZed. The data points are also plotted on the three 
dimensional ?gure and error bars have been omitted. 
[0019] FIG. 3: Line of optimality for growth on acetate 
projected onto a plane formed by the acetate uptake rate and 
the growth rate. The data points have also been projected and 
a linear regression was performed in the two-dimensional 
plane to experimentally de?ne the line of optimality. The line 
of optimality is indicated as a gray line and the regression line 
as a black line. 

[0020] FIG. 4: Line of optimality for growth on acetate 
projected onto a plane formed by the oxygen uptake rate and 
the growth rate. The data points have also been projected and 
a linear regression was performed in the two-dimensional 
plane to experimentally de?ne the line of optimality. The line 
of optimality is indicated as a gray line and the regression line 
as a black line. 

[0021] FIG. 5: The succinate uptake rate (mmole/g-DW/hr) 
versus oxygen uptake rate (mmole/g-DW/hr) represented in 
the phenotype phase plane. The labeled line is the in silico 
de?ned line of optimality (LO). The experimental data points 
are displayed on the ?gure. The error bars are displayed for 
























